Although spermatogonial stem cells (SSCs) are committed to spermatogenesis, they may also convert to an embryonic stem cell-like pluripotent state at a low frequency. Because changes in DNA methylation patterns are associated with this conversion, we examined the effect of manipulating DNA methyltransferase (Dnmt) expression on the fate of cultured SSCs, germline stem (GS) cells. Dnmt1 knockdown induced apoptosis in GS cells, which was attenuated by the loss of Trp53. In contrast, GS cells proliferated normally in vitro after Dnmt3a/Dnmt3b ablation or during Dnmt3l overexpression. However, Dnmt3a/Dnmt3b double-mutant cells showed hypomethylation in the SineB1 repetitive sequence, and Dnmt3l-overexpressing cells showed hypermethylation in major and minor satellite sequences; neither cell type formed teratomas and completed spermatogenesis following transplantation into the seminiferous tubules. Although genetic manipulation did not increase the conversion of GS cells to a pluripotent state, these results underscore the important role of DNMTs in survival and spermatogenic differentiation in SSCs.
INTRODUCTION
Spermatogenesis originates from a small population of spermatogonial stem cells (SSCs) [1, 2] . These cells continue to produce sperm by proliferating throughout the male life span. Although previous studies [2, 3] on SSCs have been hampered by their scarcity (2-3 3 10 4 cells/testis), recent developments in SSC culture have facilitated these analyses. Spermatogonial stem cells proliferate in vitro in the presence of glial cell line-derived neurotrophic factor, a self-renewal factor for SSCs [4] . Germ cells from postnatal testes form uniquely shaped colonies and continue to proliferate exponentially. We designated these cultured SSCs as germline stem (GS) cells. Germline stem cells express spermatogonia-specific markers in vitro and reinitiate spermatogenesis and produce offspring after transplantation into seminiferous tubules in vivo [5] .
This GS cell culture system has revealed several unique features of SSCs, including their genetic and epigenetic stability. Germline stem cells maintain a normal karyotype and DNA methylation pattern for at least 2 yr of consecutive culture and remain capable of producing normal offspring [6] . This is in contrast to embryonic stem (ES) cells isolated from inner cell mass. Embryonic stem cells are susceptible to changes in chromosome number and DNA methylation and lose germline potential within several months [7] [8] [9] . These results suggest that, in contrast to embryo-derived multipotent stem cells, lineage-committed stem cells from postnatal tissues possess a mechanism to maintain genetic and epigenetic integrity.
Spermatogonial stem cells share some common features with ES cells. Although germ cells in the postnatal testis are thought to be committed to the germline, ES-like cell colonies develop spontaneously during GS cell culture [10] . These ESlike cells from postnatal testis cell culture, which we designated multipotent GS (mGS) cells, appear rarely (in 1 of 35 testes) but are similar to ES cells in that they contribute to embryonic development and can produce knockout (KO) animals [11, 12] . In addition, unlike GS cells, mGS cells show an unstable karyotype and often become trisomic for chromosome 8 or 11 [12] , both of which occur in ES cells after long-term culture [7, 8] . Although the origin of mGS cells remains unknown, we recently demonstrated that GS cells can be converted into mGS cells [13] . Although GS cells maintain stable and typical androgenetic genomic imprinting patterns, mGS/ES cells show changes in their DNA methylation patterns [10] , suggesting that GS and mGS/ES cells use different mechanisms for maintaining DNA methylation. Considering that GS cells produce mGS cells, these findings suggest that the loss of epigenetic integrity in GS cells may induce conversion into pluripotent cell types.
The methylation of cytosine residues is the only known epigenetic modification in mammalian DNA [14, 15] . The addition of methyl groups is catalyzed by DNA methyltransferases (Dnmts). There are three active DNMTs. DNMT1 methylates hemimethylated DNA [16, 17] . DNMT3A and DNMT3B catalyze de novo methylation at the cytosines of unmethylated CpG sites [18] . Embryogenesis is severely impaired in Dnmt1-or Dnmt3b-KO mice, and spermatogenesis is impaired in Dnmt3a-KO mice [19] [20] [21] . DNMT3L, which is similar to DNMT3, is unique among DNMTs because it lacks enzymatic activity [22, 23] . Nevertheless, it is important in regulating DNA methylation; as a result, targeted inactivation of Dnmt3l results in methylation defects in both male and female germlines [23] [24] [25] [26] . In the present study, we hypothesized that changes in epigenetic properties induce the conversion of GS cells into mGS cells. We tested this hypothesis by manipulating Dnmt genes in GS cells.
MATERIALS AND METHODS

Cell Culture
Dnmt3a and Dnmt3b mutant mice with the conditional alleles referred to as Dnmt3a ,tm3.1Enl. /Dnmt3a ,tm3.1Enl. and Dnmt3b ,tm5.1Enl. /Dnmt3b ,tm5.1Enl. were described previously [21, 27] . Cre-mediated deletion removes catalytic motifs and produces functionally null alleles [27] . Testis cells from 5-to 10-day-old pups were collected by two-step enzymatic digestion, and GS cells were established using two males as previously described [5] . Trp53-KO GS cells, wild-type GS cells, and enhanced green fluorescent protein (EGFP)-expressing GS cells were also described previously [5, [10] [11] [12] . In brief, dissociated testis cells were cultured overnight on gelatin-coated plates, and floating cells were passaged to secondary plates on the next day. The cells were passaged two to three times before they were transferred onto mitomycin Ctreated mouse embryonic fibroblasts (MEFs), ;3-4 wk after culture initiation. During GS cell culture initiation, mGS cells appeared spontaneously as distinct ES-like colonies; after trypsin digestion, they were transferred on MEFs. Both ES (R1) and mGS cells were maintained in standard ES cell culture conditions [10] . Germline stem cells were passaged every 5-6 days, whereas ES and mGS cells were passaged every 2-3 days.
For Dnmt1-knockdown (KD), pSicoR-Dnmt1 lentivirus was produced by transient transfection of 293T packaging cells (Addgene, Boston, MA). This virus expresses both EGFP and short hairpin RNA (shRNA) against Dnmt1, under the control of the cytomegalovirus and U6 promoters, respectively [28] . Virus supernatant was concentrated by centrifugation at 19 400 rpm in a Beckman SW28 rotor (Beckman Instruments, Palo Alto, CA) for 2 h. Cells were infected by centrifugation with the concentrated lentivirus [29] . To disrupt conditional Dnmt3a/Dnmt3b alleles, GS cells from (Dnmt3a ,tm3.1Enl. / Dnmt3a ,tm3.1Enl. , Dnmt3b ,tm5.1Enl. /Dnmt3b ,tm5.1Enl. ) mutant mice were infected with the AxCANCre adenovirus expressing the Cre recombinase under the control of the CAG promoter (RIKEN BRC, Tsukuba, Japan) [30] . All infection experiments were performed in six-well plates using 3 3 10 5 GS cells. In some experiments, we labeled the donor cells using CSII-EF-IRES2-Venus vector, expressing the Venus under the control of the EIF1AY promoter [31, 32] . The multiplicities of infection for AxCANCre, pSicoR-Dnmt1, and CSII-EF-IRES2-Venus were 39.3, 33.3, and 5.5, respectively.
For Dnmt3l overexpression, pCAGDnmt3lneo was introduced into 5 3 10 6 EGFP-expressing GS cells via electroporation. Stable transfectants were established by selection with G418 as previously described [33] .
Transplantation
Cells were microinjected into the seminiferous tubules of WBB6F1-W/W v (W) mice via the efferent duct (Japan SLC, Shizuoka, Japan). Both immature (age, 5-10 days) and mature (age, 4 wk) recipients were used to evaluate colonization. Approximately 6 3 10 4 cells were microinjected into pup recipients, and 8 3 10 3 cells (Dnmt3L experiment) or 4 3 10 6 cells (Dnmt3a/ Dnmt3b experiment) were injected into adult recipients. Two separate experiments were performed, and at least six recipients were used for each cell type. The Institutional Animal Care and Use Committee of Kyoto University approved all animal experimentation protocols.
Analysis of the Recipients
Donor cell colonization was evaluated under UV light [5] . Colonies were defined as germ cell clusters longer than 0.1 mm, occupying the entire circumference of the tubule. For histological analysis, paraffin-embedded sections were stained with hematoxylin-eosin. The number of tubule crosssections showing spermatogenesis, defined as the presence of multiple layers (.2 layers) of germ cells in the entire circumference of the tubule, was recorded. When multiple layers of germ cells covered only part of the seminiferous tubule, it was not considered a positive tubule (Supplemental Fig.  S1 and all Supplemental Data are available at www.biolreprod.org). Images of sections were collected using Photoshop software (Adobe Systems, San Jose, CA) on an inverted microscope equipped with a charge coupled device (CCD) camera (403 DP70; Olympus, Tokyo, Japan). In each testis, 67-161 tubules were counted. Immunohistochemical staining was performed on paraffinembedded sections. Meiosis was detected by immunohistochemistry using rabbit anti-synaptonemal complex protein 3 (SYCP3) antibody, which was prepared in our laboratory using a synthetic oligopeptide [34] . The sections were also stained with rabbit anti-Izumo1 (IZUMO1) antibody for acrosomes (gift from Dr. M. Okabe, Osaka University) [35] . The primary antibodies were detected using the avidin-biotin complex method. The color was developed in diaminobenzidine solution.
Analysis of Gene Expression
First-strand cDNA was synthesized using Superscript II (RNase H À reverse transcriptase; Invitrogen, San Diego, CA) and subjected to RT-PCR. To quantify mRNA expression, a Step One Plus real-time PCR system and PowerSYBR Green PCR master mix (Applied Biosystems, Warrington, UK) were used, and mRNA expression was normalized against that of hypoxanthine phosphorybosyl transferase 1 (Hprt1). The PCR conditions were 958C for 10 min, followed by 40 cycles of 958C for 15 sec and 608C for 60 sec. The PCR primers are listed in Supplemental Table S1 .
Combined Bisulfite Restriction Analysis and Bisulfite Sequencing
Combined bisulfite restriction analysis (COBRA) and bisulfite sequencing were performed as previously described [6, [36] [37] [38] . The PCR primers used in the experiments are listed in Supplemental Table S1 . The intensity of bands was quantified using NIH Image 1.62 software (National Institutes of Health, Bethesda, MD).
Southern Blotting
DNA transfer and hybridization were performed as previously described [33] . Cre-mediated deletion efficiency was determined by Southern blotting using Dnmt3a or Dnmt3b probes as previously described [27] .
Western Blotting
Samples were transferred to Hybond-P membranes (Amersham Biosciences, Little Chalfont, UK). The primary antibodies used were polyclonal rabbit anti-DNMT3L (gift from Dr. S. Yamanaka, Kyoto University) and monoclonal mouse anti-DNMT3A and monoclonal mouse anti-DNMT3B (both from Imgenex, San Diego, CA). Peroxidase-conjugated anti-rabbit IgG and antimouse IgG were used as secondary antibodies (Cell Signaling, Danvers, MA).
TUNEL Staining
The cells were washed and dissociated by trypsin to obtain single-cell suspensions. The cells were then concentrated on glass slides using Cytospin 4 (Thermo Electron Corporation, Cheshire, UK). After fixation in 4% paraformaldehyde for 1 h at room temperature, cells were then labeled using an In situ Cell Death Detection kit: TMR red (Roche Applied Science, Manheim, Germany), according to the manufacturer's protocol. The nuclei were counterstained with Hoechst 33342 (2 lg/ml; Sigma, St. Louis, MO) to determine the percentage of TUNEL-positive nuclei relative to the total number of Hoechst-stained nuclei. Quantification of apoptotic cells was accomplished 156 by collecting images of stained cells using Photoshop software on a microscope equipped with a CCD camera (2003 DP70; Olympus). Microscopic fields containing .60 cells were analyzed.
Statistical Analysis
Data are presented as the mean 6 SEM. Statistical analysis was performed using Student t-test.
RESULTS
Expression of Dnmt Genes in GS, mGS, and ES Cells
Although GS cells are epigenetically stable, mGS cells show dynamic changes in DNA methylation patterns [6, 10] , suggesting that Dnmt expression patterns differ between the two cell types. To examine this, we analyzed Dnmt mRNA expression via RT-PCR using GS and mGS cells that were cultured for 145 days and 117 days, respectively (Fig. 1A) . Overall, Dnmt expression was very similar in ES and mGS cells; both expressed Dnmt1 at similar levels and showed similar Dnmt3 isoform expression profiles (Fig. 1B) . However, GS cells completely lacked Dnmt3l and expressed Dnmt1 to a greater degree than ES/mGS cells. The absence of Dnmt3l expression was probably not due to extensive passages in vitro, as Dnmt3l expression was undetectable in two other lines of GS cells that were cultured for 99 or 250 days (data not shown). Unlike spermatogonia, which express only Dnmt3a in vivo, GS cells expressed both Dnmt3a and Dnmt3a2 [39] . However, the pattern of Dnmt3b expression in GS cells was similar to that in spermatogonia in vivo, which also express Dnmt3b2 and Dnmt3b3 [39] . This was in contrast to ES/mGS cells, which expressed Dnmt3b1 and Dnmt3b6. These analyses show that Dnmt expression differs between GS and mGS cells, confirming our previous observations that GS cells differ slightly from spermatogonia in terms of gene expression [40] .
Dnmt1 KD Results in Apoptosis in GS Cells
We first analyzed the role of Dnmt1 in GS cell growth and survival. Germline stem cells were infected with pSicoR-DNMT1 lentivirus, which expressed both EGFP and shRNA against Dnmt1 [28] . Within 2 days, .90% of infected cells showed EGFP expression, indicating successful virus infection. Real-time PCR analysis showed that pSicoR-DNMT1 infection reduced Dnmt1 expression to ;20% that of mock virusinfected cells ( Fig. 2A) . However, Dnmt1-KD GS cells could not form typical germ cell colonies (Fig. 2B) , and their number decreased during cell culture (Fig. 2C) . TUNEL staining showed that the cells underwent apoptosis (Fig. 2, D 
and E).
Because the loss of Trp53 partially rescued MEFs from apoptosis [41] , we next examined whether Trp53-KO GS cells could survive pSicoR-Dnmt1 infection. When the same number of wild-type (control) and Trp53-KO cells was infected, significantly more EGFP-positive Trp53-KO GS cells remained viable 6 days after infection (Fig. 2 , D and E), indicating that GS cells undergo Trp53-dependent apoptosis after Dnmt1 KD. However, the infected cells could not proliferate, and their number gradually decreased during the 3-wk experimental period (Fig. 2C) . No ES-like cells were observed in these cultures. These results show that the loss of Trp53 can partially rescue GS cells from apoptosis.
To examine DNA methylation status, genomic DNA was recovered from infected cells 6 days after Dnmt1 KD, and differentially methylated regions (DMRs) within two paternally imprinted genes (H19 and Meg3 IG) and two maternally imprinted genes (Igf2r and Peg10) were analyzed using COBRA (Fig. 2F) . The infected cells did not show abnormal methylation in any of these DMRs, suggesting that pSicoRDnmt1 infection did not induce global DNA demethylation. The same treatment, however, induced demethylation in ES cells, indicating that the treatment was effective by reducing the methylation levels.
Spermatogenic Defects Caused by Dnmt3l Overexpression
To examine whether Dnmt3l expression induces dedifferentiation in GS cells, we used electroporation to introduce a DNMT3L-expressing plasmid into GS cells derived from EGFP transgenic mice (Dnmt3l-TG GS cells) [5] . After G418 selection, a mixture of neoresistant clones was expanded and used for subsequent experiments 3 mo after transfection. These cells did not show any abnormalities in colony morphology or growth rate (Fig. 3, A and B) . Upregulated Dnmt3l expression was confirmed by real-time PCR and Western blotting (Fig. 3,  C and D) . The RT-PCR analysis showed normal expression of spermatogonial markers, including Neurog3, Zbtb16, and Taf4b. However, ES cell markers such as Nanog were not induced in these cells (Fig. 3E) .
To examine the effect of ectopic Dnmt3l expression on methylation, we analyzed the DMRs of H19, Meg3 IG, Igf 2r, and Peg10 by COBRA. No DMR showed abnormal methylation, and the cells maintained typical androgenetic DNA methylation patterns (Fig. 3F) . We also used bisulfite sequencing to analyze several kinds of repetitive sequences (Fig. 3G) , including the intracisternal A particle (IAP) (an endogenous retrovirus), short interspersed nuclear element B1 (SineB1), long interspersed nuclear element 1 (Line1 [a nonretrovirus-type retrotransposon]), and major and minor satellites. Although we did not observe significant changes in IAP, Line1, or SineB1 methylation, DNA methylation increased in both major and minor satellites. Methylation DEFECTIVE SPERMATOGENESIS BY DNMT EXPRESSION 157 increased to ;80% of CpG sites in transfected cells compared with ;60% of the CpG sites in the control.
To examine the differentiation potential of Dnmt3l-TG transfected cells, we microinjected cells into the seminiferous tubules of W mutant mice, which lack differentiated germ cells and thus may serve as recipients for spermatogonial transplantation [42] . Pup testes allow rapid and enhanced donor SSC colonization [43] ; therefore, pup recipients were used to histologically evaluate the degree of spermatogenesis, whereas adult recipients were used to assess the number of SSCs. Given that the testis is the predominant site of teratoma formation [44] , we hypothesized that the transfected cells would convert more easily into pluripotent cells in vivo. Previous studies [5, 13, 45, 46] showed that, whereas ES and mGS cells produce teratomas both in the seminiferous tubules and in subcutaneous tissues, GS cells proliferate and produce germ cell colonies only in the seminiferous tubules, suggesting that the intratubular environment might provide more hospitable conditions for their optimal growth and differentiation.
Three months after transplantation, testes that had received wild-type cells were significantly heavier than those that had received Dnmt3l-TG GS cells (27.5 6 2.0 vs. 10.5 6 3.1 mg, respectively, n ¼ 4; P , 0.01) (Fig. 4A) , suggesting that control cells proliferated more actively. Further analysis revealed that most Dnmt3l-expressing cells formed twodimensional monolayers on the basement membrane, whereas control cells produced typical germ cell colonies with a long stretch of completely filled segment (Fig. 4A) . Although we observed some colonies with multiple layers, most colonies from transfected cells showed two-dimensional germ cell colonies in the early phase (;1 mo) of wild-type SSC colonization [47] . The number of SSCs did not differ between adult mice receiving control vs. Dnmt3l-TG GS cells. The number of colonies generated per testis was 18.8 6 6.5 (n ¼ 12) for control cells and 16.6 6 1.1 (n ¼ 10) for Dnmt3l-TG GS cells, indicating that the same number of SSCs seeded in recipient testes. Similar colonization patterns were observed in adult recipients 8 mo after transplantation (data not shown). These results suggest that Dnmt3l overexpression does not impair the seeding of SSCs but does inhibit spermatogenesis in vivo.
Spermatogenic defects in the pup recipient testes were histologically evaluated by counting the number of seminiferous tubules. Although the mutant donor cells could proliferate and formed germ cell colonies in some areas, none of the seminiferous tubules showed multiple layers of spermatogenesis in the entire circumference (0 of 372 tubules, n ¼ 4). However, the recipient testes that received control cells showed normal spermatogenesis in 67.8% 6 2.5% (289 of 433 tubules, n ¼ 4; P , 0.01) of seminiferous tubules. Immunohistochemical analysis showed a decrease of SYCP3-positive spermatocytes, and no IZUMO1-positive spermatids were found in Dnmt3l-TG GS cell transplants (Fig. 4B) , indicating an overall decrease in differentiation. The RT-PCR analysis showed that 158 genes expressed at specific spermatogenic stages were also inhibited. Although Sycp1 and Sycp3, both of which are expressed in zygotene to diplotene spermatocytes, were expressed, genes that are expressed in pachytene spermatocytes and at later stages, including Clgn, Hoxa4, Piwil1, Ccna1, and Crem, were poorly expressed (Fig. 4C) . Prm1 expression was 
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not detected in Dnmt3l-TG GS cell recipients. No evidence of teratomas was found. Taken together, these results indicate that Dnmt3l overexpression does not induce ES-like cells but causes complete spermatocyte arrest.
Spermatogenic Defects Caused by Dnmt3a/Dnmt3b Deficiency
Finally, we analyzed the roles of Dnmt3a and Dnmt3b. Because Dnmt3b is also involved in the maintenance of DNA methylation in various repeat and single-copy genes in ES cells [27, 37, 48] , we postulated that the loss of Dnmt3a or Dnmt3b would induce demethylation and reprogramming. In SSCs, we recently demonstrated the use of a Cre-expressing adenovirus to successfully delete DNA sequences flanked by loxP sequences, which allowed the reinitiation of spermatogenesis after germ cell transplantation [49] . In two separate experiments, GS cells established from (Dnmt3a ,tm3.1Enl. / Dnmt3a ,tm3.1Enl. , Dnmt3b ,tm5.1Enl. /Dnmt3b ,tm5.1Enl. ) animals (control GS cells) were infected with the Cre-expressing adenovirus (Fig. 5A) . Southern blot analyses showed that both the Dnmt3a and Dnmt3b genes were efficiently deleted (Fig.  5B) . The elimination of the DNMT3A and DNMT3B proteins was also confirmed by Western blotting (Fig. 5C) .
The morphology and growth of the Dnmt3a/Dnmt3b double-mutant (Dnmt3-KO) GS cells did not change after Cre exposure (Fig. 6, A and B) . We characterized one of the two lines for gene expression and found that the mutant GS cells expressed typical spermatogonial markers, including Neurog3, Zbtb16, and Taf4b (Fig. 6C) . Moreover, they did not express the ES cell marker Nanog, and no significant changes in the DNA methylation levels of the DMRs of imprinted genes were observed (Fig. 6D) . However, DNA methylation in the SineB1 sequence decreased to ;57% of the control value (Fig. 6E) . We did not find significant changes in DNA methylation levels in other repetitive genes. These results indicate that Dnmt3a and Dnmt3b are not essential for the selfrenewal of GS cells in vitro, but their loss does induce the hypomethylation of SineB1.
To examine developmental potential, we transplanted the Dnmt3-KO GS cells into seminiferous tubules. The cells were first infected with Venus-expressing lentivirus to visualize donor cells, and 35%-44% of the cells showed green fluorescence at the time of transplantation. Green fluorescence, demonstrating successful donor cell colonization, was observed in recipient testes 2 mo after transplantation (Fig. 7A) . Dnmt3-KO GS cells reinitiated spermatogenesis in both pup and adult recipient testes, indicating that transplanted GS cells do not have ES-like potential. In pup recipients, Dnmt3-KO GS cells produced significantly fewer tubules showing spermatogenesis with multiple layers of germ cells in the entire circumference (36.0% 6 1.5%, 189 of 524 tubules, n ¼ 4) compared with the control (55.2% 6 0.4%, 251 of 441 tubules, n ¼ 4; P , 0.01), suggesting that the concentration of SSCs in Dnmt3-KO GS cells was lower than that in the control. Moreover, Dnmt3-KO GS cells showed differentiation defects. Although numerous SYCP3-postive spermatocytes were observed on immunohistological analysis, Dnmt3-KO GS cells were not able to complete spermatogenesis, and no elongated spermatids or mature spermatozoa were observed (Fig. 7B) . The RT-PCR analysis also showed that some of the genes typically expressed in pachytene stage such as Hoxa4, Ccna1, and Crem were decreased or not detected via RT-PCR (Fig.  7C) . Although Prm expression could not be detected in RT-PCR, a few IZUMO1-positive round spermatids were found in some tubules by immunohistochemistry. These results collectively show that Dnmt3-KO GS cells show overall decrease in spermatogenesis but that some cells could complete meiosis and develop up to round spermatid stage. Transplantation of another mutant line showed similar spermatogenic defects.
DISCUSSION
Germline cells are unique in that they can dedifferentiate into pluripotent stem cells [45, [50] [51] [52] [53] [54] . However, the frequency of conversion into pluripotent cells decreases during germline development. For example, in a previous study [55] , 10 embryonic germ cell lines were established from 432 primordial germ cells (PGCs) collected from the genital ridge 12.5 days post coitum (dpc), whereas .20 lines were established from 24 PGCs from 8.5-dpc embryos. Spermatogonial stem cells, the self-renewing spermatogenic cells in postnatal testis, very rarely convert into pluripotent cells, and 
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this conversion is associated with changes in DNA methylation [10, 13] . Thus, we hypothesized that the induction of aberrant DNA methylation would trigger conversion. In this study, we analyzed the expression patterns of Dnmt genes in GS cells and used several methods to determine whether changes in DNMT activity influence cell fate. Although we failed to produce mGS cells in this study, we identified several unique roles for Dnmt genes in GS cells and spermatogenesis.
DNMT1 copies the parental-strand methylation patterns onto the daughter strand after each cell division, and thus Dnmt1 KD may induce demethylation and dedifferentiation into mGS cells. Indeed, the regulation of tissue-specific gene expression by DNMT1 has been previously demonstrated in PGCs and somatic cells [56] . Although we found no evidence of aberrant gene expression or conversion into pluripotent stem cells, Dnmt1 KD induced immediate apoptosis in GS cells. The extreme sensitivity of spermatogonia to hypomethylation has been previously reported in mice and rats, in which the repeated administration of 5-azacytidine, a demethylating agent, induced germ cell degeneration and disorganization in immature germ cells in vivo [57, 58] . It is possible that the GS cells observed herein died as a result of hypomethylation, but the mechanism of GS cell apoptosis remains unclear. Passive demethylation is unlikely to have occurred to any great extent under these conditions, as very little cell division occurred after KD. Although we did not observe significant changes in DNA methylation levels via COBRA, pSicoR-Dnmt1 infection resulted in demethylation in ES cells, indicating successful KD. Therefore, it appears that GS cells are extremely sensitive to slight hypomethylation or decrease in DNMT1 protein.
The induction of rapid apoptosis in GS cells is in contrast to ES cells, which grow robustly and maintain undifferentiated characteristics in the absence of DNMT proteins [59] . Instead, GS cells behaved like somatic cells, which undergo apoptosis in response to demethylation. A previous study [41] showed that MEFs from a Dnmt1 conditional KO mouse underwent apoptosis after Cre-mediated gene deletion. Most important, apoptosis was dependent on Trp53 in both MEFs and GS cells; Trp53-KO MEFs and GS cells survived longer after Dnmt1 KD than wild-type cells, suggesting that the cell types share a similar apoptotic mechanism. However, the response to epigenetic damage appeared to be more pronounced in GS cells; after Dnmt1 KD, MEFs remained capable of at least two to four divisions before dying [41] , whereas the total GS cell number decreased immediately. Thus, GS cells responded to Dnmt1 KD in a manner similar to that of somatic cells, but the mechanism that maintains epigenetic integrity in GS cells may be more sensitive. Our results are consistent with a recent study [60] showing that the loss of Dnmt1 resulted in cell death in a human colorectal carcinoma cell line. In that study, Dnmt1 mutant cells were unable to replicate DNA more than once owing to activation of the G2/M checkpoint. The cells eventually underwent mitotic catastrophe and rapid cell death. Based on these results, it would be relevant to determine whether a similar DNA damage-induced response caused apoptosis in GS cells.
Although the effect of Dnmt1 KD was dramatic, the loss of Dnmt3a/Dnmt3b did not produce observable effects on GS cell proliferation or mGS cell development. Mutant cells showed hypomethylation in SineB1 and spermatogenic defects but remained capable of producing germ cell colonies. These results were unexpected, as it was suggested that the DNMT3A and DNMT3B proteins have important roles in maintaining stem cell potential in tissue-specific stem cells [61] . Indeed, Dnmt3a/Dnmt3b-deficient hematopoietic stem cells lost selfrenewal activity and could not reconstitute in irradiated animals. Moreover, in the germline cells, Dnmt3a deficiency impaired mitotic proliferation in spermatogonia [21] . Despite the presence of apparently normal spermatogenic cells in the testes of mutant animals at birth, they were gradually depleted from the testes by 11 wk, and very few spermatogonia remained, suggesting that SSCs do not proliferate or degenerate as a result of Dnmt3a deficiency [21] . Although histological analyses suggested decreased SSC activity in the present study, Dnmt3-KO GS cells were capable of proliferation and retained significant SSC activity.
The discrepancy between these two studies probably arises from the difference in the timing of Cre-mediated deletion. In the present study, deletion was induced in postnatal spermatogonia, whereas in the previous study [21] deletion occurred in PGCs before 14.5 dpc using tissue-nonspecific alkaline phosphatase-Cre knockin mice. Given that male germ cells acquire the majority of androgenetic imprinting patterns before birth, conditional deletion at fetal stage may have caused more profound effects, including de novo DNA methylation of DMRs and maturation of PGCs into SSCs. In the case of postnatal gene deletion, de novo DNA methylation had already occurred during fetal development, and GS cells were able to maintain the imprint patterns of the original spermatogonia population. Consistent with the previous observation that DNMT3A primarily methylates SineB1 [37] , our results suggest that postnatal de novo DNA methylation is restricted to DNMT3A-mediated SineB1 methylation and that the minimum GS cell phenotype and spermatogenic defects that we observed probably reflect the more limited effect of Dnmt3a/Dnmt3b loss after maturation of PGCs into SSCs.
Dnmt3l is a unique gene that shares homology with the Dnmt3 genes but lacks methyltransferase activity. An important function of DNMT3L is to bind DNMT3A/DNMT3B and stimulate their de novo DNA methylation activity [62] . Previous investigators noted a high level of Dnmt3l expression in ES cells [23] , but it is unknown whether this protein has a role in dedifferentiation into pluripotent stem cells. In this study, we overexpressed Dnmt3l in GS cells. Contrary to our expectations, Dnmt3l-TG GS cells continued to proliferate normally without becoming mGS cells, and the major and minor satellites of Dnmt3l-TG GS cells were significantly more hypermethylated than those in the control. This is in contrast to Dnmt3l-KO mice, in which satellite repeat methylation was reduced [26, 37] . Defects in KO animals were also found in imprinted genes and endogenous retroviral sequences. Considering that DNMT3b and DNMT3L function together in the de novo methylation of centromeric satellite DNA sequences [37] , the most likely scenario is that ectopic DNMT3L expression assisted DNMT3B to access satellite repeats. Although DNMT3L is not a sequence-specific regulator of methylation, our result suggests that the level of DNMT3L expression may have a role in the selection of DNMT3 target DNA sequences.
The biological implication of DNA hypermethylation in satellite repeats remains unclear. Major and minor satellites are hypermethylated in all adult mouse tissues except the testis and epididymal sperm [38, 63] , suggesting a potential link between hypomethylation and the maintenance of male germ cell identity [38] . In developing embryos, the level of methylation in satellite repeats is correlated with stage of germ cell development; PGCs from 10.5-dpc embryos show a high level of methylation compared with 13.5-dpc embryos or later stages of germline development such as GS cells. Satellite methylation does not appear to correlate with the multipotent state of germline cells; satellite regions are hypomethylated in mGS cells and are hypermethylated in ES cells. Furthermore, hypomethylation of satellite repeats in mGS cells could be 162 experimentally reversed when mGS cells were induced to differentiate into somatic cells. Based on these observations, it was suggested that the regulation of methylation in satellite repeats is involved in germ cell/somatic cell lineage commitment [38] . Although we cannot exclude the possibility that increased Dnmt3l expression may have a more profound effect, our results suggest that increased methylation in satellite repeats alone is insufficient to induce conversion.
Dnmt3l-TG GS cells also showed spermatogenic defects. DNMT3L is expressed predominantly during embryonic development and disappears rapidly after birth [26] . Previous investigations using KO animals demonstrated several critical roles of DNMT3L in spermatogenesis. Although KO animals initially appeared normal, they progressively lost spermatogenic cells, including spermatogonia, and older animals were azoospermic [23] [24] [25] [26] . Because Dnmt3L is no longer detected after birth, it has been suggested that Dnmt3l-KO germ cells possess defects at fetal stage [64] , although the mechanism of spermatogenic failure in adult mice has not been resolved. In contrast, spermatogenesis was stably arrested in meiosis in Dnmt3l-overexpressing animals. Although these phenotypes indicate that Dnmt3L expression must be precisely regulated to complete spermatogenesis, Dnmt3l-TG GS cells proliferated normally in vitro after Dnmt3l overexpression, and spermatogonia in recipient testes continued to expand in vivo even after 8 mo. Therefore, persistent Dnmt3L expression in spermatogonia does not interfere with the self-renewal of SSCs but has a strong effect on differentiation.
Meiotic defects as a result of Dnmt3l overexpression may have several explanations. One possibility is that Dnmt3l overexpression induced abnormal histone modifications, which then interfered with histone-transitional protein replacement during spermatogenesis. Indeed, abnormal histone modifications were reported in Dnmt3l-KO animals [24] . However, because no apparent changes in histone modifications in spermatogenic cells were found in our preliminary analyses (data not shown), we rather speculate that ectopic expression of DNMT3L may have promoted the DNMT3A/DNMT3B-mediated methylation of genes that are directly involved in meiosis. Alternatively, meiotic defects might have occurred as a direct consequence of hypermethylation of satellite repeats through interfering with binding of important meiotic regulators to centromeres. Our result may reflect the ability of some of the clones that might have expanded during long-term culture because a mixture of neoresistant colonies was used in this study. Nevertheless, these cells may prove to be useful in analyzing the differences between mitotic and meiotic divisions, as Dnmt3l-TG GS cells did not show mitotic defects.
Recent findings showed the importance of DNA methylation in the dedifferentiation of somatic cells into pluripotent cells: the addition of 5-azacytidine resulted in a 4-fold improvement in the generation of pluripotent cells from somatic cells [65] . Therefore, Dnmt genes may also be involved in the dedifferentiation of germline cells. Additional epigenetic changes such as histone modification may be necessary to alter GS cell fate. Nevertheless, our attempts to manipulate DNA methylation in GS cells identified several unexpected roles for Dnmt genes in GS cells and spermatogenesis. Further analysis of these changes will lead to a better understanding of the role of epigenetic regulators in male germ cell development. The cells described herein will be useful tools in studying these phenomena.
